Lipopolysaccharides were extracted from freeze-dried cells of Pseudomonas aeruginosa PAO1 (polymyxin B susceptible), isolate A (polymyxin B resistant), and isolate A-reverted (polymyxin B intermediate resistance) by either the phenol-chloroform-petroleum ether or the modified phenol-water method. Isolate A and isolate A-reverted had drastic losses of 2-hydroxydodecanoic acid and significant decreases in 3-hydroxydecanoic acid. Concentrations of amide-linked 3-hydroxydecanoic acid were similar in all three strains. Minor alterations were noted in the composition of 3-deoxy-D-manno-2-octulosonic acid, heptose, phosphate, neutral sugars, and amino compounds. The concentrations of rhamnose in isolate A and of rhamnose and glucose in isolate A-reverted were significantly different from those in PAO1. Trace amounts of mannose and other minor unidentified carbohydrates were detected in all strains. Polymyxin B included in isolate A growth medium complexed with lipopolysaccharides and remained bound throughout purification. PAO1 lipopolysaccharides bound more polymyxin B than did isolate A lipopolysaccharides. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis indicated minor differences in smooth-and rough-form lipopolysaccharides of the different strains. We propose that loss of hydroxy fatty acids from lipopolysaccharides perturbs outer membrane hydrophobicity and is a contributing factor to polymyxin B adaptive resistance.
There are at least two mechanisms by which Pseudomonas aeruginosa acquires resistance to polymyxin B (PB) (17) . In the first process, P. aeruginosa may develop PB resistance by mutation. Mutational PB resistance can be delineated from the adaptive form of resistance by its inheritability, lower levels of resistance, and lack of distinctive lipid alterations. In the second process, PB-susceptible strains may be stepwise adapted to increased levels of resistance. This form of resistance is uninheritable, and high levels of resistance are maintained only as long as PB is included in the growth media. Similar examples of adaptive resistance to polymyxins or aminoglycosides or both have been reported in P. aeruginosa (1) , Escherichia coli (10) , and Proteus strains (28) .
Adaptive resistance to PB in P. aeruginosa is a poorly understood phenomenon characterized by perturbations in ultrastructural architecture (6, 9) , outer membrane proteins (8) , divalent cations (4), readily extractable lipids (3) , and lipopolysaccharides (LPS) (8) . These anatomical and physiological considerations plus the absence of inactivating enzymes (7) leave little doubt that PB resistance in P. aeruginosa is a function of exclusion by the outer membrane to protect the otherwise sensitive cytoplasmic membrane. Permeation of PB through the outer membrane could, theoretically, be facilitated by any of three generally accepted pathways (18) , which include the hydrophobic, hydrophilic, and self-promoted pathways. The amphiphilic nature of PB with its polycationic head group and hydrophobic acyl side chain eliminates the hydrophilic pathway from further consideration (23, 29, 30) . The high level of intrinsic resistance of P. aeruginosa to hydrophobic antibiotics such as erythromycin and fusic acid indicates that the normal hydropho-* Corresponding author.
bic pathway is of minor consequence in wild-type strains (20) .
The self-promoted uptake pathway as proposed by Moore et al. (18) hypothesizes that permeabilizers such as PB compete for divalent cation-binding sites within the outer membrane. The displacement of these cations would destabilize the cross bridging between adjacent LPS molecules, allowing the passage of the permeabilizing agent. If this is the case, elimination or modification of potential PB-binding sites on LPS would obviously influence susceptibility. Conrad and Gilleland (4) determined that potential effectors such as divalent cations and acidic phospholipids were drastically reduced in cells adapted to PB resistance and rebounded to near wild-type levels in reverted cells grown in the absence of antibiotic. The interaction of these compounds with LPS implies a significant role for LPS in PB resistance.
The purpose of this study was a comparative analysis of LPS extracted from P. aeruginosa strains which were susceptible to PB, adapted to a high level of resistance, or reverted to an intermediate level of susceptibility. These analyses included fatty acid profiles, chemical composition, PB-binding capacity, and quantitation of PB complexing with LPS during growth.
MATERIALS AND METHODS
Strains. The strains of P. aeruginosa used in this study have been previously described by Gilleland and (24) and Wollenweber and Rietschel (Methods Carbohydr.
Chem., in press). Total (31) . The alditol acetate derivatives were prepared for gas-liquid chromatography by the method of Sawardeker et al. (27) . Xylose was added as an internal standard. Hexosamine was determined by the Morgan-Elson reaction as described by Strittmatter et and alanine were analyzed, with only minor differences noted among the different strains. The levels of KDO, heptose, and phosphate were also similar in ali strains.
PB-LPS complexes in cells grown in presence of PB. LPS
extracted from isolate A was first thought to contain significant quantities (7.9%) of protein ( Table 2 ). Subsequent investigations determined that over 90% of this apparent protein contamination was PB which had complexed with LPS during growth ( Table 3 ). The affinity of the PB-LPS complex was demonstrated by its resistance to the rigors of extraction and persistence of PB even after acid treatment. The latter procedure had little effect on the relative ratio of the other amino compounds analyzed. PB binding to LPS of susceptible and resistant strains. LPS extracted from PB-susceptible PA01 cells bound approximately 22% more PB than did LPS from PB-resistant isolate A cells (Table 4) . These same data indicated that the number of PB-binding sites varied from 3.7 sites per molecule of PAQ1 LPS to 2.9 sites per molecule ofisolate A LPS. These results must be interpreted cautiously since isolate A was grown in the presence of PB (6,000 U/ml of growth medium) and the resultant extracted LPS was complexed with signif- SDS-PAGE analysis. SDS-PAGE analysis indicated that PAQ1 had more smooth-form LPS than did isolate A but less than isolate A-reverted (Fig. 1) . LPS from PA01, isolate A, and isolate A-reverted exhibited various degrees of heterogeneity with respect to smooth-rough forms. This heterogeneity may have been influenced by the different methods used to extract LPS. Isolate A was extracted by the phenolchloroform-petroleum ether method, which would be expected to select rougher LPS. DISCUSSION LPS extracted from a P. aeruginosa strain adapted to PB resistance (isolate A) had a near-total loss of 2-hydroxydodecanoic acid and partial loss of 3-hydroxydecanoic acid ( Table 1) . Removal of PB from the growth medium (isolate A-reverted) did not restore levels of LPS fatty acids to that observed in the parental strain. This unresponsive reaction was in marked contrast to the antibiotic-induced alteration of other outer membrane components (phospholipids, divalent cations), which rebounded to near wild-type levels in antibiotic-free media (4) . The fatty acid profile of P. aeruginosa PAO1 was quantitatively consistent with previous analyses (12) . Total 3-hydroxydecanoic acid was significantly higher in PAO1 (Table 1 ) than in the resistant strains even though the levels of the corresponding ester and amide-bound fatty acid were similar in all strains. Current models of P. aeruginosa lipid A (22) indicate that the absence of 2-hydroxydodecanoic acid and reduction of 3-hydroxydecanoic acid would result in a loss of 3-acyloxyacyl residues from PBresistant (isolate A) and PB intermediate-resistant (isolate A-reverted) strains, which may contribute to this incongruity. The loss of 2-hydroxydodecanoic acid from resistant strains was of interest since increased levels of this fatty acid have been associated with supersusceptibility in P. aeruginosa Z61 (13) .
The binding of two amphiphilic molecules, such as PB and LPS, involves interaction between the respective hydrophobic and hydrophilic regions of each. The contribution of each region to this complex has been explored by Vaara and colleagues (33) (34) (35) , who investigated structural and permeability changes associated with PB by using the PB nonapeptide (PB derivative lacking acyl side chain). The results implicated the hydrophobic side chain as a vital component in the binding and ultimate expression of biological activity of PB in the outer membrane. There are strong indications that the acyl side chains of LPS make an equally important contribution to this hydrophobic interaction. Morrison and Jacobs (19) reported a significant decrease in the PB-binding capacity of LPS after alkaline hydrolysis of ester-linked fatty acids. These results strongly suggest that the complete expression of biological activities of LPS-PB complexes depends on a hydrophobic microdomain formed by the interaction of lipophilic side chains found on both. The importance of these hydrophobic interactions is emphasized by the similar levels of KDO and phosphate in all strains analyzed ( Table 2 ). The concept that PB resistance is the sole responsibility of an ionic barrier formed by KDO and phosphate residues is inconsistent with the chemical similarities of these strains, which have tremendous variances in susceptibility. The loss of 3-acyloxyacyl residues would reduce the overall hydrophobicity of resistant LPS and possibly contribute to the lower PB-binding capacity of isolate A. The numbers of PB-binding sites per molecule of LPS from PB-susceptible (3.7) and PB-resistant (2.9) P. aeruginosa strains were still considerably higher than the 1 to 2 binding sites reported on the LPS of various enterics (19, 25) . (12) . If rhamnose is assumed to be a major constituent of the 0 side chain, the concentrations of rhamnose in isolate A and isolate A-reverted were somewhat higher than would be expected from the smooth-rough profiles depicted by SDS-PAGE LPS analysis (Fig. 1) . This characterization is, however, consistent with that of Yokota et al. (37) It is likely that alterations in LPS fatty acids are contributing factors but not solely responsible for adaptive resistance to PB in P. aeruginosa. Our results suggest a role for the 3-acyloxyacyl residues of LPS in the binding and biological activity of PB.
